Brody disease is a rare muscle disorder characterized by exercise-induced impairment in muscle relaxation, due to a markedly reduced influx of calcium ions in the sarcoplasmic reticulum. A subset of autosomal recessive families harbour mutations in the ATP2A1 gene, encoding the fast-twitch skeletal muscle sarcoplasmic reticulum Ca 2 þ ATPase (SERCA1). Rare autosomal dominant families have been described, in which ATP2A1 was excluded as the causative gene, further supporting genetic heterogeneity. We report four individuals from a three-generation Italian family with a clinical phenotype of Brody disease, in which linkage analysis excluded ATP2A1 as the responsible gene. The disease cosegregates in an autosomal dominant fashion with an apparently balanced constitutional chromosome translocation (2;7)(p11.2;p12.1), suggesting a causal relationship between the rearrangement and the phenotype. FISH analysis using YAC and PAC clones as probes refined the breakpoint regions to genomic segments of about 164 and 120 kb, respectively, providing a possible clue to pinpoint the location of a novel gene responsible for this rare muscle disorder.
Introduction
Brody disease (BD [MIM 601003]) is an inherited, rare disorder of skeletal muscle function usually transmitted in an autosomal recessive fashion. The clinical presentation is characterized by exercise-induced progressive impairment of muscle relaxation, with stiffening, cramps and myalgias which may exacerbate in the cold. 1 Symptoms usually resolve after few minutes' rest and can involve both upper and lower limbs and facial muscles, such as the eyelids. This clinical picture has often been described as 'pseudomyotonia' or 'silent myotonia', as no myotonic discharges are recorded from muscles and contractures are electrically silent. Serum creatine kinase (CK) can be elevated and episodes of rhabdomyolysis and myoglobinuria may occur. Muscle biopsy morphology shows moderate degree of type 2 fibre atrophy and excess of internal nuclei. 2 Biochemical and immunocytochemical studies in muscle biopsies from some patients with BD showed a marked reduction of Ca 2 þ uptake and Ca 2 þ ATPase activity in the sarcoplasmic reticulum of fast-twitch but not slow-twitch skeletal muscle fibres. 2, 3 This was followed by the identification of pathogenic mutations in the ATP2A1 gene, encoding SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca 2 þ ATPase, in a subset of patients with autosomal recessive BD. 4 Rare families with autosomal dominant inheritance have been reported, but in those families mutations in the ATP2A1 gene could not be found, further supporting genetic heterogeneity. 5 -7 Here, we describe a novel Italian family with autosomal dominant BD and the physical mapping of the breakpoints of a balanced translocation (2;7)(p11.2;p12.1) cosegregating throughout three generations with the disease.
Patients and methods

Case report
Family tree is shown in Figure 1 . The proband (III:1) is a 30-year-old man who came to our attention with a diagnosis of paramyotonia congenita (PMC). He had suffered since early childhood of exercise-induced episodes of painless muscle stiffness involving all muscular groups, the lower limbs being more severely affected. Muscle exercise is the only precipitating factor, and symptoms worsen with repeated exertion and exacerbate in cold weather. He also complains of occasional painful cramps in the dorsal and pectoral muscles; these cramps can occur at rest and usually resolve spontaneously within a few minutes. Episodes of periodic paralysis never occurred, however local myalgia and weakness usually follow severe episodes of muscle stiffening, lasting for a few hours. Warm-up phenomenon, transitory weakness, and 'second wind' phenomenon 8 did never occur. At the age of 21 years, following succinilcholine administration during an anaesthesiological procedure, the patient presented an episode of generalised muscle contracture associated with rhabdomyolysis and myoglobinuria. Serum potassium, calcium and sodium were always in the normal range. Serum CK were constantly high (range 700 -1300 U/l). Repeated electromyographic (EMG) examinations during episodes of stiffness showed that muscle contractures were always electrically silent. Although many muscles were tested, neither myotonic discharges nor other spontaneous activity could be detected. Mild myopathic changes were registered mainly from proximal muscles. A McManis long exercise test and a cold immersion test to 201C did not reveal pathological decrements of compound muscle action potential, as it is often seen in muscle channelopathies. 9 However, the long exercise test evoked a painless, electrically silent contracture of the abductor digiti minimi. Motor and sensory nerve conduction velocities were normal. At the age of 17 and 21 years, two muscle biopsies were performed, showing prevalence of type 2 fibres, of which B50% were atrophic, occasional central cores and increased number of central nuclei. Type 1 fibres were normal. An in vitro contracture test was positive to both halothane and caffeine, confirming the clinical suspect of malignant hyperthermia susceptibility (MHS). The sarcoplasmic reticulum Ca 2 þ uptake and SERCA1 activity were not measured. Neurological examination was unremarkable, except for the occasional cramps exerted with exercise. Muscular hypertrophy or weakness, percussion myotonia and myoedema were not observed. Verapamil (40 mg q.i.d.) provided some improvement in muscle relaxation, but it was discontinued after only 1 week as the patient was concerned about possible side effects. The proband's father (II:2), aged 59 years, suffers from a milder clinical picture, with onset in late childhood and progressive worsening over the years. In his 20s, he had to give up his job as a shorthand-typist due to recurrent stiffness of his fingers, but he was able to run for some distance without problems. Now, he can only walk slowly and for very short distances, as exercise quickly exerts severe contractures of lower limb muscles. He never underwent anaesthesiological procedures. CK levels were mildly elevated (range 300 -400 U/l). An EMG examination was normal, and no myotonic discharges were detected at rest or from stiffened muscles after exercise. A muscle biopsy, performed at the age of 49 years, showed variation in fibres size, moderate type 2 fibre atrophy and presence of cores and minicores. The in vitro contracture test was positive to caffeine only.
The proband's paternal aunt (II:3) and paternal grandfather (I:1) complained the same symptoms of exertional muscle stiffness, but to a lesser degree than the proband. They were not available for clinical examination but agreed to send a blood sample for molecular and cytogenetic studies. The only sister of the proband (III:2) is a 26-yearold lady who has never complained of any muscular symptom.
Linkage analysis
Genotyping was performed in all family members for microsatellite markers spanning the regions containing the following genes: ATP2A1 on chromosome 16p (D16S298 -245 kb -ATP2A1 -1.7 Mb -D16S685); RYR1 on chromosome 19q (D19S421 -49 kb -RYR1 -92 kb-D19S422); SCN4A on chromosome 17q (D17S1154 -1.0 Mb -SCN4A -758 kb -D17S1809). The RYR1 locus was tested in light of the susceptibility to malignant hyperthermia demonstrated in at least two affected family members, while the SCN4A locus was analysed in order to definitely rule out the previous diagnosis of PMC.
Markers order and physical distances were obtained from the Human Genome Working Draft at http://genome.ucsc.edu. Genomic DNA fragments were PCR-amplified using fluorescent labelled primers, resolved on an ABI Prism 3100 DNA sequencer (Applied Biosystems, Foster City, CA, USA) and analysed with Genotyper software. Two-point linkage analysis was performed using the FASTLINK option of MLINK, assuming reduced penetrance (0.80), a disease gene frequency of 0.0001 and equal allele frequencies for each marker. 10 Standard cytogenetic and FISH analysis Chromosome analysis was performed in all family members according to routine GTG-banding techniques on cultured peripheral lymphocytes. YAC and BAC mapping data were obtained at http://www.ncbi.nlm.nih.gov/genome/clone/ (Figure 2a) . Extracted DNA was biotin-16-dUTP-labelled by Nick Translation kit (Invitrogen, Life Technologies, Carlsvad, CA, USA). FISH analysis was carried out according to previously published methods. 11 Painting FISH was performed using chromosomes 2 and 7 painting probes (Vysis, Inc., Downers Grove, IL, USA) according to the producer protocol.
Results
Negative pairwise LOD scores were obtained for all markers spanning the ATP2A1, RYR1 and SCN4A intervals (Table 1) , allowing the exclusion of these three loci as responsible for the disease in this family. Calculation of pairwise LOD scores assuming different penetrance values (0.40 -1.00) did not result in a significant change. Standard cytogenetic analysis showed a balanced translocation (2p11.2;7p12.1) karyotype in all affected individuals, while the karyotype was normal in the healthy sister of the proband (Figure 1 ). FISH painting of chromosomes 2 and 7 excluded that other chromosomes were involved in the rearrangement.
In order to refine the translocation breakpoints, a series of FISH with YACs and BACs mapping on chromosome 2p and 7p was carried out (Figure 2a) . The RP11-269K22 BAC clone on chromosomes 2 was split, the fluorescent signal being detected on both the derivative chromosomes (Figure 2b ). The breakpoint region was therefore restricted to B164 kb in 2p11.2. On chromosome 7, the RP11-175C14 BAC clone was split (Figure 2c ) defining the translocation breakpoint on chromosome 7p12.1 within a B120 kb fragment.
Discussion
Autosomal dominant BD is a very rare condition and only few families have been reported in literature. 3,5 -7 The phenotype of the four affected individuals in the present family and routine histochemical studies of skeletal muscle are consistent with the diagnosis of BD, although microsomal Ca 2 þ uptake and activity of SERCA1 in bioptic muscle were not measured. In the absence of biochemical or immunocytochemical data, other differential diagnoses must be considered. The index case came to our attention with a diagnosis of PMC (MIM [168300]), which is characterised by cold-induced stiffness and weakness, with myotonia worsening with progressive exercise (paradoxical myotonia). However, unlike PMC and all other myotonic disorders, muscular contractures were always silent and no clinical or electrical myotonia could be demonstrated. Involvement of the SCN4A gene, which is responsible for PMC and hyperkalaemic periodic paralysis (HyPP), was ruled out by linkage analysis (Table 1 ).
An in vitro contracture test both in the proband and his father was positive for MHS (MIM [145600] ). This condition can occur alone or in conjunction with other muscle disorders, such as central core disease, HyPP and also BD. In fact, a contracture test was found positive in one patient with biochemically proven deficit of SERCA1.
2 MHS can be inherited in an autosomal dominant fashion and is genetically heterogeneous, with more than half of the families harbouring mutations in the RYR1 gene. Linkage to RYR1 was also excluded (Table 1) . In the present family, a balanced chromosome translocation cosegregates with autosomal dominant BD, suggesting a causal relationship between this rearrangement and the disease. FISH analysis allowed a close definition of the breakpoints. The two interrupted clones span 164 and 120 kb on chromosomes 2p11.2 and 7p12.1, respectively. These intervals might contain possible candidate genes, as a submicroscopic deletion or an incidental gene rupture could have occurred during the translocation event. Two genes map to the BAC containing chromosome 2 break-(2;7) Translocation segregating with Brody disease A Novelli et al point, RNF103 encoding a ring-finger protein and NEDF, encoding the neuroendocrine differentiation factor. Although the function of these genes is still partly uncharacterised, none of them appears to be a strong candidate for BD. The BAC sequence including chromosome 7 breakpoint contains only two unspliced ESTs (AI218435 and AI902491). It is yet unclear if these are translated into functional proteins.
Alternatively, a position effect may be considered. A change of gene expression due to a chromosomal aberration disrupting regulatory sequences but not the transcriptional unit has been reported for several disorders. 12 A bioinformatic analysis of the neighbouring regions of the two breakpoints identified several putative candidate genes. On chromosome 2, two genes appeared particularly intriguing. IMMT, distant B400 kb from the interrupted BAC, encodes a mitochondrial protein (mitofilin) mainly expressed in muscle, which acts as an ATP-driven motor protein interacting with cytoskeletal components. 13 The VAMP5 gene, distant B1 Mb from the breakpoint, encodes myobrevin, a member of the vesicle-associated membrane protein (VAMP)/synaptobrevin family preferentially 15 The ryanodine receptors are calcium channels located in the sarcoplasmic reticulum of skeletal (RYR1) and cardiac (RYR2) muscle, and play an essential role in intracellular calcium signalling and muscle contraction. In this light, other genes involved in the same calcium regulation process represent excellent candidates for BD. However, it is still not possible to foresee how distantly a position effect can act. 16, 17 In conclusion, we describe a novel family with autosomal dominant Brody disease bearing a (2;7) chromosomal translocation. Linkage analysis in other autosomal dominant BD families with markers spanning the rearranged genomic regions, along with sequencing of critical regions and long-range expression studies of the candidate genes, could be decisive to map a novel BD locus and ease the identification of the responsible gene. 
